Six new accurate and explicit correlations have been proposed in the present paper to predict the key thermodynamic properties of carbon dioxide under operational conditions anticipated for a typical carbon capture and sequestration (CCS) project -pressure = 1100 -9000 psia (7 -62 MPa) and temperature = 40 -100 °C. These physical properties include entropy, enthalpy, internal energy, thermal conductivity, Joule-Thomson coefficient, and speed of sound, which all play an important role in controlling the PVT and thermodynamic behaviors of carbon dioxide associated with its flow through pipelines, wellbores, chokes, valves, and so on. The new correlations can predict carbon dioxide properties well matched to the high accuracy carbon dioxide property data available through the National Institute of Standards and Technology (NIST) web database [1].
The thermodynamic properties of carbon dioxide have been the focus of study over the past 20+ years. Vesovic et al. [3] proposed a set of equations for the viscosity and thermal conductivity of carbon dioxide. The complete correlations cover the temperature range 200 K T < 1500 K for viscosity and 200 K T 1000 K for thermal conductivity, and pressures up to 100 MPa. The uncertainties associated with the correlation vary according to the thermodynamic state from ±0.3% for the viscosity of the dilute gas near room temperature to ±5% for the thermal conductivity in the liquid phase. Liao & Zhao [4] investigated the heat transfer originating from supercritical carbon dioxide flowing in horizontal miniature circular tubes via a series of laboratory experiments that were carried out for pressures ranging from 74 to 120 bar and temperatures ranging from 20 to 110 °C. Heat transfer coefficients have been determined via the experiments. Kim et al. [5] presented the experimental data for the heat transfer and pressure drop characteristics obtained during the gas cooling process of carbon dioxide in a horizontal tube. The experimental results in their study were compared with the supercritical heat transfer coefficient estimated via existing correlations, which were found to generally under-predict the measured data. Bock et al. [6] calculated the transport properties of pure carbon dioxide from the intermolecular potential using the classical trajectory method. Results have been reported in the dilute-gas limit for thermal conductivity and thermomagnetic coefficients for temperatures ranging from 200 K to 1000 K. Colina et al. [7] presented simulation results for volume expansivity, isothermal compressibility, isobaric heat capacity, Joule-Thomson coefficient and speed of sound for carbon dioxide in the supercritical region, by using the fluctuation method based on Monte Carlo simulations in the isothermal-isobaric ensemble. Pitla et al. [8] discussed the Nusselt number variations of supercritical carbon dioxide during an in-tube cooling process. They found that the majority of the numerical and experimental values are within ±20% of the values predicted by the new correlation proposed in the study. Bahadori & Vuthaluru [9] developed new correlations for the prediction of transport properties (namely viscosity and thermal conductivity) of carbon dioxide (CO2) as a function of pressure and temperature. The average absolute deviations were found to be 2% and 2.5% for viscosity and thermal conductivity of carbon dioxide, respectively. And more recently, Ouyang [2] presented two new correlations for quickly and accurately estimating the density and viscosity of supercritical carbon dioxide for CCS applications.
In general, the thermodynamic properties of carbon dioxide, including entropy, enthalpy, internal energy, thermal conductivity, Joule-Thomson coefficient, and speed of sound, may be calculated through a black oil model, an equation of state (EoS), or empirical correlations. Most black oil models have been developed for oil and natural gas where carbon dioxide component is typically less than 3% except for sour gas where the carbon dioxide composition can reach as high as 10% -20%; therefore, they may result in substantial errors when applied to pure carbon dioxide, which is also true for equations of state (EoSs).
On one hand, EoS or EoS based models require extensive and complex numerical computations and may not be a good choice for majority of engineering applications. On the other hand, some empirical correlations need density and/or other parameters in order to calculate the thermodynamic properties of carbon dioxide. Moreover, prediction of carbon dioxide properties via these approaches may not be sufficiently accurate when applied to pure carbon dioxide at supercritical conditions. The primary EoS that have been applied to carbon dioxide includes Peng-Robinson [10] , Soave-RedlichKwong (a.k.a. SRK) [11, 12] , and Span & Wagner [13] . Span & Wagner EoS was specifically developed for carbon dioxide and has been widely considered as the top choice of equation of state for predicting the property of pure or high concentration carbon dioxide. Unfortunately, the Span & Wagner EoS has not been implemented in most of the commercial software packages that are routinely used for assessing the carbon dioxide flow dynamics in pipelines and wellbores. Furthermore, it could be over-complicated (i.e., computational "overkill" per Hassanzadeh et al. [14] ) and/or time-consuming to use an EoS to calculate the carbon dioxide thermal properties under certain circumstances where accurate empirical correlations are preferred.
In the present paper, simple but accurate explicit correlations have been developed for predicting the key thermodynamic properties (including entropy, enthalpy, internal energy, thermal conductivity, Joule-Thomson coefficient, and speed of sound) of pure carbon dioxide under supercritical conditions expected in majority of carbon capture and sequestration (CCS) applications. The new correlations can predict the carbon dioxide thermal properties well matched to the high accuracy carbon dioxide property data provided by the National Institute of Standards and Technology (NIST) [1].
APPROACH
As mentioned above, the National Institute of Standards and Technology (NIST) [1] provides a high quality and high accuracy web database for carbon dioxide property. The web database is primarily based on the Span & Wagner equation of state (EoS) [13] and a number of auxiliary models such as Vesovic et al. [3] , Fenghour et al. [15] , Ely et al. [16] , etc, for physical and thermodynamic properties and has been considered as the standard for the carbon dioxide property.
A similar approach to those described in Ouyang [2] has been applied to develop the new correlations to be presented in this paper. Through the NIST database, carbon dioxide properties have been generated under pressure and temperature ranges expected for typical CCS operations. The data was then applied to develop the new simple and explicit correlations for carbon dioxide thermodynamic properties via a least square approach. Specifically, the correlation formulae and the associated correlation coefficients have been adjusted and optimized such that the following criteria are met:
where Z represents carbon dioxide entropy in J/mol/K, or enthalpy in KJ/mol, or internal energy in KJ/mol, or thermal conductivity in W/m/K, or Joule-Thomson coefficient in °F/psi, or speed of sound in m/s. Subscript pre refers to data calculated by the proposed correlations, whereas subscript NIST refers to data obtained from the NIST web database.
NEW CORRELATIONS FOR CARBON DIOXIDE THERMODYNAMIC PROPERTIES
In total, six new correlations have been proposed in the present paper, one for each of the six thermodynamic properties of carbon dioxide -entropy, enthalpy, internal energy, thermal conductivity, Joule-Thomson coefficient, and speed of sound. Details are to be provided next in this section.
New Entropy Correlation
The new entropy correlation is listed below as a function of pressure in psia, with a reference S = 0 at 0 °C for saturated liquid:
where carbon dioxide entropy (S) is given in J/(mol*K), pressure (p) in psia, and the correlation coefficients A 0 , A 1 -A 4 are solely associated with temperature in Celsius (Celsius = Kelvin -273.15):
The values for the correlation coefficients in Eq. 3 -b io , b i1 , b i2 , b i3 , and b i4 (i = 0, 1, 2, 3, 4) -are listed in Table 1a for pressure less than 3000 psia (20.68 MPa) and in Table 1b for pressure higher than 3000 psia. 1) shows the variation of the carbon dioxide entropy with pressure (1100 -9000 psia) and temperature (40 -100 °C) anticipated under the majority of carbon capture and sequestration (CCS) operations. It can be clearly seen that at a particular temperature, carbon dioxide entropy decreases with pressure. The higher the pressure, the lower the carbon dioxide entropy. And the lower the pressure, the higher the carbon dioxide entropy would be.
New Enthalpy Correlation
The new correlation for carbon dioxide enthalpy takes a similar form as Eq. 2:
where the carbon dioxide enthalpy (h) is in KJ/mol, pressure (p) in psia, and correlation coefficients C 0 , C 1 , C 2 , C 3 and C 4 to be calculated by the following equation:
The temperature (T) in Eq. 5 should be in Celsius (Celsius = Kelvin -273.15). Table  2a for pressure less than 3000 psia and Table 2b for pressure larger than 3000 psia, respectively.
The carbon dioxide enthalpy as predicted by the new correlation (Eq. 4) is displayed in Fig. (2) , again for pressure and temperature ranges expected for carbon capture and sequestration (CCS) operations.
New Internal Energy Correlation
The following is the new correlation for carbon dioxide internal energy with a reference u = 0 at 0 °C for saturated liquid: u = E 0 + E 1 p + E 2 p 2 + E 3 p 3 + E 4 p 4 (6) where the carbon dioxide internal energy (u) is in KJ/mol, pressure (p) in psia, while the correlation coefficients E 0 , E 1 , E 2 , E 3 and E 4 can be assessed by the following equation:
where the temperature (T) in Eq. 7 is given in Celsius (Celsius = Kelvin -273.15).
The values for the correlation coefficients -f ij (i = 0, 1, 2, 3, 4; j = 0, 1, 2, 3, 4) -listed in Eq. 7 are shown in Table   3a for pressure less than 3000 psia and Table 3b for pressure larger than 3000 psia.
The carbon dioxide internal energy as predicted by the new correlation (Eq. 6) is displayed in Fig. (3) . It can be observed that carbon dioxide internal energy decreases with pressure for a fixed temperature, while it slightly increases with temperature for a fixed pressure.
New Thermal Conductivity Correlation
The new correlation for carbon dioxide thermal conductivity takes a similar form as Eq. 2, Eq. 4 and Eq. 6: Table 4 .
The carbon dioxide thermal conductivity as calculated by the new correlation (Eq. 8) is shown in Fig. (4) for pressure and temperature ranges expected for typical carbon capture and sequestration (CCS) operations. It can be clearly seen that carbon dioxide thermal conductivity increases with pressure at a specific temperature, whereas it slightly varies with temperature for a fixed pressure.
New Joule-Thomson Coefficient Correlation
The new correlation for carbon dioxide Joule-Thomson coefficient is given below: Fig. (3) . Prediction of carbon dioxide internal energy by Eq. 6 for pressure = 1100 -9000 psia and temperature = 40 -100 °C.
where the carbon dioxide Joule-Thomson coefficient (C J-T ) is in F/psi, pressure (p) in psia, and correlation coefficients N 0 , N 1 , N 2 , N 3 and N 4 can be determined by the following equation:
Note that the temperature (T) in Eq. 11 should be in Celsius (Celsius = Kelvin -273.15). Fig. (4) . Prediction of carbon dioxide thermal conductivity by Eq. 8 for pressure = 1100 -9000 psia and temperature = 40 -100 °C. The correlation coefficients -q ij (i = 0, 1, 2, 3, 4; j = 0, 1, 2, 3, 4) -as required in Eq. 11 are listed in Table 5a for pressure less than 3000 psia and Table 5b for pressure larger than 3000 psia. Fig. (5) shows the carbon dioxide Joule-Thomson coefficient as predicted by the new correlation (Eq. 10). At a specific temperature, the carbon dioxide Joule-Thomson coefficient decreases with pressure although the amplitude of decrease reduces significantly as pressure increases. At high pressure (e.g., pressure > 7500 psia at 60 °C), the JouleThomson coefficient becomes negative, indicating JouleThomson heating behaviors (carbon dioxide behaves like liquid from Joule-Thomson effect perspective). In addition, the Joule-Thomson coefficient does not change substantially with temperature for a given pressure.
New Speed of sound Correlation
The new correlation for carbon dioxide speed of sound follows a similar form as Eq. 2, Eq. 4, Eq. 6, and Eq. 10:
where the carbon dioxide speed of sound (Vs) is defined in m/s, pressure (p) in psia, and correlation coefficients X 0 , X 1 , X 2 , X 3 and X 4 can be obtained by the following equation:
where temperature T is given in Celsius (Celsius = Kelvin -273.15).
The values for the correlation coefficients -y ij (i = 0, 1, 2, 3, 4; j = 0, 1, 2, 3, 4) -shown in Eq. 13 are given in Table 6a for pressure lower than 3000 psia and Table 6b for pressure higher than 3000 psia.
The carbon dioxide speed of sound as predicted by the new correlation (Eq. 12) is shown in Fig. (6) for pressure and temperature ranges anticipated for typical carbon capture and sequestration (CCS) operations. It can be easily found that the carbon dioxide speed of sound increases with pressure for a fixed temperature. On the other hand, the carbon dioxide speed of sound appears to be much less affected by temperature at a specific pressure.
RESULTS AND DISCUSSIONS
The six new correlations proposed in the present paper (Eq. 2, Eq. 4, Eq. 6, Eq. 8, Eq. 10 and Eq. 12) have been applied to predict the key carbon dioxide thermodynamic properties for pressure and temperature expected under a majority of carbon capture and sequestration operations. It can be clearly found that a good match to the NIST data has been achieved for the new correlations for all the temperatures investigated. Over the entire pressure range studied, the new correlation prediction follows the NIST data extremely well. Tables 7a, 7b and 7c list the carbon dioxide thermodynamic property prediction errors for the new correlations (Eq. 2, Eq. 4, Eq. 6, Eq. 8, Eq. 10 and Eq. 12). Both the average relative error (ARE) and the average absolute relative error (AARE) are evaluated. Except for the thermal conductivity, the AREs for the new correlations are within -0.01% and +0.08% range, whereas the AAREs are less than 0.5% for all the temperatures investigated. For thermal conductivity, the AREs for the new correlation ranges from -0.5% to 0.3%, whereas the AAREs are less than 1.5% for all the temperatures studied. 
CONCLUDING REMARKS
New simple yet accurate correlations have been developed for predicting the key carbon dioxide thermodynamic properties -entropy, enthalpy, internal energy, thermal conductivity, Joule-Thomson coefficient, and speed of sound -under carbon capture and sequestration (CCS) operating conditions. The correlations have predicted carbon thermodynamic properties well matched to those available in the NIST web database [1] .
Note that the correlations have been specifically developed based on the assumption that they are to be applied at pressure and temperature conditions expected in a CCS process; therefore, caution should be exercised for circumstances where the correlations are to be used for pressure and temperature sitting beyond the designed ranges. Fig. (12) . Carbon dioxide speed of sound changes with pressure at different temperatures.
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